In structural analysis, a concrete element is assumed homogeneous in terms of strength and physical properties throughout the entire section or member. In reality, concrete is a composite material composed of mortar matrix and coarse aggregates. The actual composition of a member is therefore less likely to be uniform along its height. The presence of coarse aggregates will result in a higher density, reaching the extreme lower layers of the member, leading to a disparity in strength, elastic modulus, and Poisson's ratio. Other factors influencing this phenomenon are bleeding, and initial cracking due to the hydration heat on the exposed surfaces. However, if the non-homogeneities of these concrete properties can be observed, and further controlled and adjusted properly, the potential for a design optimization could be aimed. This study was performed to produce intentionally, and further analyze, the actual behaviors of a concrete member with a gradation in concrete compressive strength. The compressive strength of the test specimens ranged from 20 MPa to 60 MPa. The cylindrical specimens sized 100 x 200 millimeters were tested under uniaxial compression, and the strains in different layers were recorded, as the load was increased. The developed method and equipment was proven excellent in artificially creating a graded concrete specimen. The resulting specimens were visually inspected and tested using a rebound hammer to study the gradation of the material in the transition zone between the two different types of concrete strength mixes. The resulting concrete is negatively influenced by the disparity between the two concrete strengths since the cracking and fracture of the lower concrete strength part will signature the strength of the overall graded material. The brittle behavior of the resulting material is due to a combination of premature micro-cracking, and the stress differentiation in the material, that leads to stress concentrations in the corresponding layer.
Keywords: graded concrete; experimental program; concrete casting; compressive strength
Introduction
In practice, the production of a structural element is based on the mandated design strength. The interaction of concrete and steel resulting in the well-known reinforced concrete material is always analyzed based on the assumption of a uniformly distributed concrete strength throughout the entire element. Unlike the quality of concrete which is highly influenced by the production procedure; compaction, casting, and curing methods, the fabrication of steel is manufactured in a controlled environment, resulting in the almost perfectly uniform material. If the building element under consideration has a significant height-to-width ratio, such in case of columns or deep beams, it can not be guaranteed that the constituent of the concrete is distributed homogeneously along its height or depth of the members [1] . The main factors leading to this non-homogeneous condition are the compaction methods during casting and the water-cement ratio. The larger aggregates tend to sink to the bottom of the cast, because of their relatively higher mass density as compared to the mortar matrix; a phenomenon known as segregation [2, 3] . Neville [4] described segregation as the disintegration of constituents within the composite material, which causes the non-uniform distribution in a concrete element, due to the disparity in particle size and material density.
Another factor is the presence of surface bleeding. Bleeding is the surfacing of free mixing water during the casting and compacting process. A concrete mix with a high water-cement factor is more susceptible to surface bleeding since the free water tends to rise to the surface more easily. The bleeding underneath larger aggregates and the water film created by the emerging water absorbed by the aggregates will result in void pockets, influencing the interface between the aggregate and the mortar negatively. The air pockets in the mortar caused by the evaporated free water will also weaken the resulting concrete. Studying these conditions, it can be expected that the concrete at the bottom fibers of the element will have a higher compression strength, in combination with a denser mass, compared to the layer farther away from the bottom of the cast. The upper layers are further exposed to an intense evaporation rate, and in colder climates and marine environments, to salt attack. All these factors will lead to the reality that the concrete compressive strength and its corresponding properties, gradually differ, as a function of the layer distance from the bottom fiber of the elements under consideration.
The objective of this research was to invent a method to create a graded concrete specimen intentionally. The graded specimen was further utilized to study its behavior, and to explain the property mechanism of the resulting element. In this paper, the steps and the process for producing graded concrete are explained to a great extent. The drawbacks and advantages of the developed methods are highlighted, and the improvements conducted based on a study, outlined. The production and research on the behavior of graded concrete are part of a research roadmap involving the finite element analyzes and extensive laboratory testing. Continuing research work in this field is conducted at present.
Material properties and mix proportion
In this research, the PCC (Portland Composite Cement) was chosen as a binding agent. The fine aggregate was diorite sand from the Muntilan, Jawa Tengah, Indonesia while the coarse aggregates sized 5/10 mm were produced by stone crushing of natural aggregates. The aggregates satisfied the ASTM C 33 standard [5] . The decision on the size of coarse aggregates was based on study conducted by Larand [6] , stating that the maximum aggregate size for high strength concrete should be 15 mm, this chosen size was also in good agreement with the mold dimension. To ensure an identical mix; the fine, as well as the coarse aggregates, were standardized, and their gradation normalized to an ideal condition. For this purpose, the sieving apparatus was used to separate the aggregates by their sizes, reproportion these by weight in accordance with the designed ideal gradation, and perform a re-mix. The moisture content was set to zero to ensure an identical absorption degree throughout the production process. To maintain a manageable mixture, the superplasticizer Viscocrete 10, a product of SIKA, was used to increase the workability [7, 8] . The dosage of superplasticizer used in this study was considered to avoid excessive bleeding and segregation.
The concrete mix design was based on the concept developed by the Department of Environment (DOE), a method that has been adopted by Indonesia National Code [9] . The cylindrical design strengths of concrete (f'c) used in this study were 20 MPa and 60 MPa. This significant differentiation in strength was intentionally decided to create a graded concrete element having a contrasting difference in compressive strength, between top and bottom layers. The proportions of the basic materials used in this study are shown in Table 1 . Superplasticizer was omitted for the concrete having design strength of 20 MPa since the original mix had an excellent workability due to the high water-cement factor. The design strength of 60 MPa, however, required a dosage of superplasticizer to increase its workability. As understood, high strength concrete is obtained by managing low water content. The challenge to produce a high degree of workability in combination with a high strength concrete was a major concern for a smooth transition between the two concrete strengths could only be achieved by having a liquid mix.
The production of the graded specimens and testing

Concentrically loaded column
The specimens were cylinders, sized 100 x 200 mm and distinguished into two major groups. The first being the uniform controlling elements, casted with the 20 MPa and 60 MPa concrete, the second being the graded specimens consisting of two layers of concrete strength. The uniform controlling elements were functioning for comparison analysis purposes, by testing their mechanical characteristics, and providing information on the behavior of the material under increasing compression loads. The casting of these controlling specimens was a straight forward procedure. The casting of the graded concrete had to go through several trial and error stages until finally obtain the best method that resulted in a smooth, graded strength transition between the 60 MPa and 20 MPa concrete.
For the mixing process, a concrete mixer with a capacity of 0.8 m 3 and a rotating speed of 25-30 rpm was used. The basic materials of the concrete which have been weighed precisely were prepared, and the dry materials; cement, fine aggregate, and coarse aggregate, were poured into a mixer and mixed for three minutes. The water was gradually poured into the mixer, and the mixing process was continued until a uniform admixture was obtained. Further, the concrete mixing was continued for another three minutes upon which the superplasticizer was added; following an additional three minutes of mixing so that the superplasticizer was evenly distributed and could optimally interact with the cement. The next challenge was to produce a transition that gradually bridged the two compression strengths.
The gravitational approach
It was known that the 60 MPa mix had higher relatively cement content, but a lower coarse aggregate content compared to the 20 MPa mix. As a result, the 60 MPa mix had a higher mass density in contrast to the 20 MPa mix [10, 11] . The primary attempt was to cast manually the material in layers and observe the results. In Case I, the 60 MPa concrete was positioned at the bottom of the cast while, in Case II, the 60 MPa was positioned on top of the 20 MPa concrete. This approach was conducted to evaluate the possibility of gravitationally creating a smooth graded concrete in the transition zone. The specimens were not compacted. The test results are monitored by dying both concrete mixes; the 20 MPa was given a yellow color and the 60 MPa red. This approach was proven very useful in visually examining the transition zone of the graded concrete. The specimens were then split along its longitudinal axis. The result could be seen in Figures 1a and 1b. Figure 1a represents Case I while Case II is shown in Figure 1b . In both cases, a distinguishing line is observed at the border of the two mixes. The method did not yield in a graded specimen. A cold joint was also detected between the concrete mixes, resulting in a very weak interfacial zone that could easily be fractured by hand. In Case I, the transition area showed a better integration whereas some of the 20 MPa concrete infiltrated the 60 MPa material. However, Case II resulted in a clear laminated material with a very weak interface. Based on the results, it was suggested to place the 60 MPa concrete on the bottom of the cast. At the next stage, the specimen from Cases I and II were recreated and compacted using a vibration table. Besides the visual evaluation, a rebound hammer test on the resulting specimen's layers was conducted to observe the degree of concrete strength gradation. The specimens were tested at the age of three days. The influence of dye on the concrete strength is minimized by coloring only the 20 MPa mix using dark yellow. As can be seen in Figures 2a and 2b , the vibration resulted in a very smooth gradation between the two concrete mixes. The transition zone was measured to be approximately 10 cm in height, thus covering 50% of the specimen's total vertical length. It could be seen that the resulting compression strength graphs as a function of specimen's height is continuous for Case I, whiles the curve for Case II is irregular and less smooth. The source of this occurrence is most probably originating from the dense 60 MPa concrete mix that restricted its infiltration into the 20 MPa mix. From the observation of the surface of the specimens, a severe segregation of the coarse aggregates into the less dense, 20 MPa mix was found in Case II. From here on it was decided to situate the denser mix on the bottom of the cast, beneath the less dense mixture. 
The manual compacting method
To further improve the resulting specimen, the use of a compacting rod was explored. To create a transition zone in the vicinity of the boundaries between the two mixes, half of the cast measuring ten cm in height was filled with the 60 MPa mix (further labeled P60), and compacted using a tamping rod. The surface bleeding was controlled by managing the number of tamps onto the mortar. According to the study conducted by Julianda [12], the rod penetrated the concrete eight cm, leaving a layer of two cm incompact concrete at the bottom. Another quarter layer of 20 MPa concrete (labeled P20) was poured on top of the first layer. The tamping rod was now adjusted to compact a ten cm thick layer, consisting of five cm each of the 20 MPa and 60 MPa mix. It was aimed to manually creating a graded transition zone. One big challenge was not to disturb the bottom layer, by controlling the depth of the rod penetration. Then, a final layer of 20 MPa concrete was placed on top. Again, the concrete area at ten cm in depth was compacted, as can be seen in Figure 3a . A visual examination of the split specimen surface showed that a gradual transition between the two mixes, the 60 MPa being dark gray, and the 20 MPa mix whitish, was obtained (Figure 3b ). It was proven that this method where the graded concrete was artificially created resulted in an almost perfect smooth transition between the two concrete strengths. The accompanying rebound hammer test also demonstrated a much better graph when compared to the vibrate-compacted method. The graded specimens were labeled "G". Since the method was proven versatile in creating a smooth, graded concrete specimen, an apparatus that could control the depth of the tamping rod during the compaction procedure was invented. The developed apparatus involves a technique to regulate the inserting depth of the tamping rod. The equipment consists of a perforated thin steel plate and a tamping rod (Figure 4a ). The holes in the plate were designed to have one mm clearance to the diameter of the rod to ensure a free vertical movement, but minimize its horizontal motion. The rod is equipped with a nut that can be fastened at any position along the rod. The plate is positioned on the upper edge of the cylindrical iron cast with clamps. At every stage, the nut is placed on the rod so that the lower end will reach the level of the concrete mix that needed to be compacted. In the transition zone, the depth of the rod was set to three-quarter of the cast height so that only a quarter of the 60 MPa mix and the 20 MPa mix was compacted. It was found that the closer the tamping points, the better the quality of the graded concrete that was resulted.
Material properties testing
All of the specimens were tested at the age of 28 days; the compression loading rate was set to 0.20 MPa/sec. For analyzes purposes, precision measuring devices were used. A load cell with a capacity of 1000 kN was used to record the load increment and strain gauges type PFL 30-11-3LT (Tokyo Sokii Kenkyujo) to measure the longitudinal and transversal strains. For the graded concrete specimens, the strain gauges were placed at five points along the height of the specimens. For the uniform specimens, the strain gauges were used to measure the Poisson's ratio of the material. Further, the specimen was equipped with four linear variable displacement transducers (LDVTs) to measure the displacement response during loading, and to obtain the initial stiffness modulus of the material. All precision apparatus were connected to a data logger and a computer. Two layers 1000 m Teflon were situated on top and at the bottom of the specimens to eliminate the confinement effect resulting from friction between the loading plate and the specimen. The two layers were separated by a layer of thick bearing grease (Figure 4b ). The load-displacement response of the Teflon layers was recorded separately and was used to correct the load-displacement data of the specimens. 
Analysis and discussion
All of the recorded data were compiled and further analyzed. The ultimate load of the graded concrete specimen G closely approached the compression strength of specimen P20. The ultimate load of both P20 and G was recorded in the neighborhood of 200 kN, resulting in a compression strength of 24 MPa. The P60 specimens yielded in a peak load of 449 kN, giving a compression strength of 57 MPa. The stress-strain response of P20, P60, and G are presented in Figure 5a . The curves as predicted by the CEB FIB 2010 [13] are presented as a solid line. It can be seen that the effect of a combination of two substantially different concrete strengths resulted in an ultimate compression strength that leaned toward the lower. The graded specimen had a slightly higher compressing strength, measured to be 24.8 MPa. Whereas the uniform specimens P20 and P60 exhibited a stress-strain behavior following the design code as mandated by CEB-FIB, the graded specimen fluctuated substantially. Both P20 and P60 preserved an ultimate strain that reached 0.003 at failure, while the specimen G was very brittle in nature, having an ultimate strain of only 0.001, which is only 30% of the normal response of conventional concrete. A closer observation of the G data showed that the material responded linearly, up to 50% of the ultimate strength, resulting in a very high material stiffness modulus when compared to the P20 material. In terms of stiffness behavior, the G specimen thus follows the pattern of P60. The low compression strength could be explained by the fracture pattern of the specimen. Upon reaching the ultimate load, the 20 MPa layer began to fail, and significant micro-cracks were quickly propagating and interconnecting, forming large cracks in the direction parallel to the applied load. As soon as parts of the specimen failed, the graded material could not carry any additional stresses, although the 60 MPa layers of the specimen were still intact. The response of the strain gauges showed that under the same stress concentrations, the strain in the weaker material is substantially larger compared to the stronger material (Figure 5b) . Hence, it leads to stress concentrations between layers.
Conclusion
The developed method and equipment was proven excellent in artificially creating a graded concrete specimen. The resulting specimens were visually inspected and tested using a rebound hammer to study the gradation of the material in the transition zone between the two different types of concrete strength mixes. The method could be further developed to produce a mechanical system that can control the rate of tamping during the compacting of transition zone layers.
The resulting concrete is negatively influenced by the disparity between the two concrete strengths since the cracking and fracture of the lower concrete strength part will signature the strength of the overall graded material. More elaborate and in-depth experiments should be conducted to explain the influence of the strength differences factor to the behavior of the graded specimen. The brittle behavior of the resulting material is due to a combination of premature micro-cracking, and the stress differentiation in the material, that leads to stress concentrations in the corresponding layer. To overcome this issue, an even more smooth transition should be created, so that the stress transfer within the material does not create large strain disproportions within the layers.
The final aim of present study is to explore the advantages if any, in creating graded concrete for a structural component. Since for reinforced concrete elements the tension area only function as stress transfer media from the concrete to the reinforcing steel. The use lower strengths' concrete in these tensile areas could therefore significantly reduce the production cost of a structure.
